Abstract-We propose an energy efficient optical code (OC) receiver, based on a RAKE configuration, using a single passive multiport encoder/decoder (E/D). We numerically demonstrate the crosstalk signals are used to enhance the energy efficiency and the label recognition performance, using only a combiner and optical delay lines (ODL), without any additional photo detector (PD). We numerically analyze the system performance and experimentally investigate the influence of the beat noise, that can be eliminated.
Finally, OPS nodes can handle data of any format and allow ultrahigh speed packets hopping through the network.
Many different OPS architectures have been proposed in literature, and the most critical and challenging feature is the optical label processing, as a large number of OCs must be generated and correctly processed in the optical domain [2] [3] [4] ; in this way the packet processing speed is limited only by the propagation delays in the optical decoders [5] , [6] .
About ten years ago, we have designed and fabricated a new multiport E/D that can simultaneously generate and recognize a set of phase shift keyed (PSK) OCs; some different prototypes of the device have been used in a large series of different OPS [7] [8] [9] and optical code division multiplexing (OCDM) experiments [10] and field trials. At the transmitter side, a single laser pulse is sent to one of the encoder input ports, and different OCs are simultaneously generated at its outputs. Fig. 1 shows the OC processing at the receiver: the autocorrelation is measured at matched decoder output port, whereas the crosscorrelation signals are detected at all the other ports. The OCs are equivalent to Fourier subcarriers, and the mutual orthogonality stems from their non-overlapping frequency spectra; the OC crosscorrelation signals coincides with the subcarriers crosstalk and it seriously limits the OC detection performances [10] . The largest crosscorrelation signals are measured at the ports adjacent to the one where the autocorrelation (matched signal) is detected, because the OCs have partially overlapping spectra, as shown in Fig. 2 . The high autocorrelation level has been the main impairment in our previous experiments, that has prevented us to fully exploit the encoding/decoding capabilities of the device, using all the device ports [7] [8] [9] [10] . If only even (or odd) ports are used, the limitations due to the crosstalk are overcame, at the cost of the energy that is wasted in the crosstalk signals in the unused odd (or even) ports, as shown in Fig. 1 [11] . In the present paper, we propose a new OC receiver configuration that incoherently sums the autocorrelation with the unused crosscorrelation signals, to enhance the energy efficiency and the recognition performance. The proposed approach is similar to RAKE receiver, widely used is wireless communications to reduce multi-path fading effects. As shown in Fig. 3 , a wireless RAKE receiver is composed of a set of delay lines and correlators for the multi-path components. Each finger independently delays and decorrelators a single component and the contributions from all fingers are combined together to make an efficient use of the multi-path spread [12] . In these receivers, dynamic channel estimation and weighting are required as the channel transmittance and multi-path fading effect are not stationary. On the other hand, in a fiber optical link, the channel conditions 0733-8724/$31.00 © 2013 IEEE remain practically unchanged, and the crosscorrelation signals are not related to multi-path fading, but only to the imperfect orthogonality between OCs. Therefore, in the proposed optical RAKE receiver, channel estimation and weighting are not required. In addition, the ODLs are introduced not to compensate the multi-path fading, but only to incoherently sum the autocorrelation and crosscorrelation signals, and reduce the phase noise effects. Therefore, the proposed architecture is similar to a wireless RAKE receiver, but the functionality is quite different.
To evaluate the system performances, we have performed numerical simulations to determine the packet-loss probability (PLP). The effect of the beat noise, that occurs when ODLs are removed, are also numerically and experimentally evaluated. 
II. OPTICAL RAKE RECEIVER
The performances of an OC processing system depend on the ratio between the average power of the autocorrelation and crosscorrelation signals (1) where , and ( , 2) are the optical fields of the autocorrelation and crosscorrelation signals, respectively, and is their duration. Here is the distance from the matched port.
The power contrast ratio (PCR) of a conventional OC decoder is defined as (2) and it is shown in Fig. 4 , for a 50-port E/D. We observe that the power of the autocorrelation is only the 67% of the total received power and the remaining. 33% is wasted at the unmatched ports. We cannot reuse all the wasted power, but we can make an efficient use of the power detected at one or two adjacent ports, using the optical RAKE receiver shown in Fig. 5 . In this architecture, the main line is connected to the matched output and the secondary lines, connected to one or two adjacent outputs, are delayed and combined together by a very low-loss multimode interference (MMI) coupler [13] . Afterwards, the signal is photodetected and time gated. Three ODLs are used to incoherently sum the autocorrelation and the crosscorrelation signals, and reduce the phase noise effect, as described in Section IV. A more complex and expensive optical RAKE architecture would require three independent PDs, but in this case the influence of the receiver noise would become dominant. The only limitation of the proposed approach is the enlargement of the OC duration, that becomes twice or three times larger than the one of the conventional case; however, this would be not a critical issue in an OPS system, provided that the time guard between the label and payload is large enough.
III. PERFORMANCE EVALUATION
We consider a 50-port E/D that can simultaneously generate/ process PSK OCs, composed of 50 chips, with 500 Gchip/s rate. In a RAKE receiver configuration, two or three decoder output ports are simulatenously used to process a single OC, so that only 16 labels can be recognized by a 50-port decoder. In a conventional scheme, the OC#n is recognized at the main line , but in the single-sided case (two fingers), the RAKE receiver uses also the secondary ports to recognize the same OC#n. Finally, in the double-sided case (three fingers), the OC#n is recognized using the signals detected at the main line , and at the secondary line ports and . In our simulations, we refer to the OC#1 generated and processed at the port , and where and are suitable coefficients, and is the number of used secondary ports ( or 2, for single-sided and doublesided cases, respectively). The power efficiency is evaluated as (4) where is the power measured at all the decoder output ports, when only OC#1 is transmitted, and it is reported in Table I for the three cases examined. We observe that there is a 20% enhancement in the double-sided case, when the outputs of three fingers are summed up.
The PLP is evaluated as (5) where is the PD responsibility and is the threshold current; and are the noise variances corresponding to the matched and unmatched signals, respectively (6) and are the thermal and shot noise variances, respectively, (7) Finally, is the Boltzman constant, the temperature, the receiver bandwidth, the electron charge, and is the load resistance. The parameters used in the numerical simulation are reported in Table II , and, if the received power is small, thermal noise is dominant. The receiver sensitivity enhancement is evaluated as the difference between the corresponding autocorrelation signals, for
. From an inspection of Fig. 7 , we observe that there is an enhancement of about 0.5 dB and 1.0 dB, for the single-sided and double sided-cases, respectively, with respect to a conventional system. In addition, the PCR of a RAKE receiver becomes.
A 100-km transmission of OCs has been demonstrated in [14] , using the multiport E/D, so that the RAKE receiver configuration can enhance the system performance also for long-reach transmission.
IV. ANALYSIS OF THE BEAT NOISE EFFECT

A. Numerical Simulations
To evaluate the beat noise effect, we have considered the RAKE receiver configuration without ODLs, shown in Fig. 8 . In this case, the autocorrelation and crosscorrelation signals are coherently combined together, having also the same polarization, and the variance of the beat noise can be evaluated as (8) where is the autocorrelation signal for OC#1, and ( , 2) the crosscorrelation signals at the secondary lines (see Fig. 6(a), (b) and (c) ).
is the phase difference between the signals, that we can consider as a random variable with a uniform distribution between 0 and . The beat noise effect becomes dominant over the thermal noise, when the received power increases; in addition, beat and shot noises associated to OC#2 can be always neglected. Fig. 9 shows the PLP performances for the three cases, and it is evident that the beat noise critically limits the system performance for both single-and double-sided cases. Fig. 10 shows the experimental setup used to investigate the beat noise effect, when the ODLs in the RAKE receiver have been removed. The mode locked laser diode (MLLD) at 1550 nm is driven at 9.95328 GHz and the pulse stream is down-converted to 622.08 MHz by a intensity modulator (LN-IM), to extend the pulse interval and completely eliminate the inter symbol interference (ISI). The output pulse from LN-IM is sent to the input port of a 50-port encoder to generate OC#1. Polarization controllers (PC) and polarizers (Pol) are used to investigate the system performance in the worst case scenario, when the polarization states of the autocorrelation and crosscorrelation signals are aligned.
B. Experimental Validation
At the receiver side, the signal is sent to a 50-port decoder, and the decoded signals at outputs , and (waveforms and spectra shown in Fig. 10(a), (b) , and (c)) are combined together by two 3 dB couplers, using also a 3 dB attenator to equalize the interference effects. The average power differences of the signals detected at outputs and , and and are 8.4 dB and 8.1 dB, respectively. By using a switch (SW) connected to output , it is possible to configure the RAKE receiver for the single-sided and double-sided cases. Insets (d) of Fig. 10 show the measured autocorrelation waveforms and spectra, for the single-sided and double-sided cases. The resolution of the optical spectrum analyzer is 2 nm/div. It is evident, that the ODLs cannot be removed in the RAKE receiver configuration, without critically increasing the beat noise effect. In particular, the temporal variation of the measured waveforms is very large for the double-sided case, due to the beating between the autocorrelation and the crosscorrelation signals.
V. CONCLUSIONS
We have proposed and experimentally validated a new configuration of an optical RAKE receiver that can achieve a 20% energy efficiency enhancement and system performance, with respect to a conventional OC processing system. We have evaluated the PLP and we have shown that the use of ODLs to perform an incoherent sum of the autocorrelation and crosscorrelation signals is mandatory to eliminate the beat noise.
